are said to enjoy superior aging. Second, the majority of individuals experience a decline from this hypothetical peak but are said to show age-appropriate cognitive functioning because their performance remains within the range of same-age peers. Third, some individuals , 1996). A state of mon and relatively selective memory impairments assodementia becomes identified when these deficits underciated with aging. The next level of NFT density can be mine the capacity for independent living. The onset of designated the high limbic stage: the NFT become more the dementia in AD is preceded by a transitional "preclinnumerous within limbic areas, they start to form clusters ical" period of many years during which relatively isoin the immediately adjacent fusiform and inferotemporal lated memory difficulties exceed those expected on the gyri, and they appear in additional paralimbic areas such basis of normal aging, without, however, becoming seas the temporal pole, insula, orbitofrontal cortex, and vere enough to interfere with daily living activities (Linn the parolfactory gyrus. The stages of distribution shown in Figure 1 suggest senilin 2 (PS2 on chromosome 1) lead to the proportionally greater production of the more neurotoxic "long" that the vulnerability to NFT formation is highest in the limbic areas of the medial temporal lobe. This vulnerabilform of A␤. Third, trisomy 21 (Down's syndrome), which leads to an overproduction of A␤PP and A␤, invariably ity appears to become transferred along monosynaptic connections from limbic to paralimbic areas, then from leads to the early emergence of AD neuropathology. Fourth, the ⑀4 allele of apolipoprotein E (apoE), a major paralimbic areas to association neocortex, and only terminally from association neocortex to primary sensoryrisk factor for sporadic AD, promotes the precipitation of A␤ into insoluble plaques. Fifth, at least in vitro, A␤ motor areas. The putative role of axonal connections is highlighted by the fact that subcortical nuclei monosyncan kill neurons and can induce the phosphorylation of tau. Sixth, the overexpression of AD-causing mutants aptically interconnected with the cerebral cortex (such as the hypothalamus, brainstem raphe, and nucleus loof A␤PP in transgenic mice induces the deposition of amyloid plaques, local damage to neuronal processes, cus coeruleus) develop numerous NFT, whereas those with no cortical connections (such as the globus paltau phosphorylation, neuronal loss, and perhaps also behavioral deficits ( Despite all this supporting evidence, however, an amyloid-based theory of AD pathogenesis faces major challenges: in contrast to NFT, plaques display substanAmyloid and AD The AP accumulate in the extracellular space. They contial interindividual variations of distribution, but these variations have no known relationship to the pattern tain insoluble fibrils of the amyloid ␤ (A␤) fragment of a much larger precursor protein (A␤PP). The A␤PP is a of cognitive deficits; although the initial memory loss indicates the presence of early limbic dysfunction, the transmembrane protein normally processed by three proteases known as the ␣, ␤, and ␥ secretases. The ␣ initial plaques tend to appear in association neocortex rather than limbic areas; in unusual clinical presentasecretase splits the A␤PP in the middle of the A␤ domain and precludes the release of the plaque-forming A␤ fragtions of AD, the NFT display distribution patterns that fit the expected anatomical substrate of the neuropsyment, whereas the ␤ and ␥ secretases yield moieties that contain the full A␤ fragment. Depending on the site chological deficit, whereas the AP do not; extensive neocortical plaque deposits can be seen in nondeof ␥ secretase cleavage, the resultant A␤ fragment can be "short" (A␤1-40) or "long" (A␤1-42, 43). The long form mented elderly individuals; the correlation between plaque densities and dementia is usually poor; none of of A␤ is more insoluble and potentially more neurotoxic , 1996). The number volving around amyloid deposition, whereas the clinicoof synapses in the human cerebral cortex is undoubtedly pathological correlations favor a disease based on NFT. many orders of magnitude higher, and these synapses Although numerous mechanisms have been proposed are probably also subject to turnover and structural upfor reconciling these two aspects of AD, none has adekeep. Even if the recycling rate is much slower in the quately linked the amyloid deposits to the spatial and human CNS than in the ciliary muscle of the monkey, the temporal patterns of neurofibrillary degeneration. One immense number of synapses suggests that synapse solution to this dilemma is based on the assumption turnover and upkeep are likely to constitute major activithat these two markers of AD are independent manifesties of the brain. tations of a common underlying phenomenon. This reConceptually, these plasticity-related phenomena can view suggests that a prolonged perturbation of neural be divided into downstream processes at the level of plasticity may represent such a common denominator.
Figure 1. The Progression of NFT in Time and Space and Their Relationship to the Clinical State
One, two, three, and four plus signs refer to low, medium, high, and very high densities of NFT, respectively. The low limbic stage corresponds stages I and II of Braak and Braak (1996) , the high limbic stage to their stages III and IV, the low neocortical stage to their stage V, and the high neocortical stage to their stage VI. neocortex (National Institute on Aging, 1997). In keeping (Selkoe, 1994; Yankner, 1996) . In at least 95% of patients with AD, onset occurs in late adulthood, usually after with the relative preservation of sensation and motility in AD, primary sensory-motor areas contain relatively the age of 65. In a small minority of cases, the disease has an autosomal dominant pattern of inheritance and few NFT even in patients with high densities of limbic and neocortical tangles ( tau-processing abnormalities that might lead to NFT formation. In contrast, an impressive body of evidence One possible explanation is that these patients might have experienced a considerable decline of mental funcbased on genetics has implicated abnormal amyloid processing in the causation of AD. This evidence can tion from an exceptionally high baseline without necessarily fulfilling the criteria for dementia. Alternatively, be summarized under six categories. First, mutations in the A␤PP gene (chromosome 21) are sufficient to cause they may have had an unusual neuronal reserve capacity that may have compensated for the impact of the NFTearly-onset AD. Second, all AD-causing mutations of A␤PP, presenilin 1 (PS1 on chromosome 14), and prerelated neurodegeneration.
The stages of distribution shown in Figure 1 suggest senilin 2 (PS2 on chromosome 1) lead to the proportionally greater production of the more neurotoxic "long" that the vulnerability to NFT formation is highest in the limbic areas of the medial temporal lobe. This vulnerabilform of A␤. Third, trisomy 21 (Down's syndrome), which leads to an overproduction of A␤PP and A␤, invariably ity appears to become transferred along monosynaptic connections from limbic to paralimbic areas, then from leads to the early emergence of AD neuropathology. Fourth, the ⑀4 allele of apolipoprotein E (apoE), a major paralimbic areas to association neocortex, and only terminally from association neocortex to primary sensoryrisk factor for sporadic AD, promotes the precipitation of A␤ into insoluble plaques. Fifth, at least in vitro, A␤ motor areas. The putative role of axonal connections is highlighted by the fact that subcortical nuclei monosyncan kill neurons and can induce the phosphorylation of tau. Sixth, the overexpression of AD-causing mutants aptically interconnected with the cerebral cortex (such as the hypothalamus, brainstem raphe, and nucleus loof A␤PP in transgenic mice induces the deposition of amyloid plaques, local damage to neuronal processes, cus coeruleus) develop numerous NFT, whereas those with no cortical connections (such as the globus paltau phosphorylation, neuronal loss, and perhaps also behavioral deficits (Selkoe, 1994 Despite all this supporting evidence, however, an amyloid-based theory of AD pathogenesis faces major challenges: in contrast to NFT, plaques display substanAmyloid and AD The AP accumulate in the extracellular space. They contial interindividual variations of distribution, but these variations have no known relationship to the pattern tain insoluble fibrils of the amyloid ␤ (A␤) fragment of a much larger precursor protein (A␤PP). The A␤PP is a of cognitive deficits; although the initial memory loss indicates the presence of early limbic dysfunction, the transmembrane protein normally processed by three proteases known as the ␣, ␤, and ␥ secretases. The ␣ initial plaques tend to appear in association neocortex rather than limbic areas; in unusual clinical presentasecretase splits the A␤PP in the middle of the A␤ domain and precludes the release of the plaque-forming A␤ fragtions of AD, the NFT display distribution patterns that fit the expected anatomical substrate of the neuropsyment, whereas the ␤ and ␥ secretases yield moieties that contain the full A␤ fragment. Depending on the site chological deficit, whereas the AP do not; extensive neocortical plaque deposits can be seen in nondeof ␥ secretase cleavage, the resultant A␤ fragment can be "short" (A␤1-40) or "long" (A␤1-42, 43) , 1996) . The number volving around amyloid deposition, whereas the clinicoof synapses in the human cerebral cortex is undoubtedly pathological correlations favor a disease based on NFT. many orders of magnitude higher, and these synapses Although numerous mechanisms have been proposed are probably also subject to turnover and structural upfor reconciling these two aspects of AD, none has adekeep. Even if the recycling rate is much slower in the quately linked the amyloid deposits to the spatial and human CNS than in the ciliary muscle of the monkey, the temporal patterns of neurofibrillary degeneration. One immense number of synapses suggests that synapse solution to this dilemma is based on the assumption turnover and upkeep are likely to constitute major activithat these two markers of AD are independent manifesties of the brain. tations of a common underlying phenomenon. This reConceptually, these plasticity-related phenomena can view suggests that a prolonged perturbation of neural be divided into downstream processes at the level of plasticity may represent such a common denominator.
axons, synapses, and dendrites and upstream regulaThe relationship of plasticity to AD has been discussed tory processes at the level of the neuronal perikaryon. in several contexts. It has been suggested that AD is
The regulation of neuroplasticity is likely to involve sigcharacterized by a loss of plasticity ( . Upon exceeding local concentration thresholds, this A␤ would be expected to form fibrils and condense plasticity demands: (1) more reactive synaptogenesis at their projection targets, in order to replace the synapses into initially inert diffuse plaques that would eventually mature into neurotoxic structures. The formation of originally provided by the degenerated axons of adjacent NFT-containing neurons; and (2) more local denplaques by local condensation after the diffusion of the amyloid from sites of upregulation, the fact that these dritic remodeling to receive the synapses that can no longer be accommodated by the degenerated dendrites sites can overlap with NFT-prone limbic-paralimbic neurons or their widespread projection targets, the apparent of adjacent NFT-containing neurons. Because of the downstream barriers to plasticity, these attempts at reregional selectivity of plasticity-induced A␤PP accumulation, and the initial inertness of the deposited amyloid active remodeling would be relatively ineffective and would induce an excessive upstream intensification of may explain why plaques do not mirror the distribution of the NFT, and why they do not necessarily display a plasticity-related neuronal activity, eventually leading to the formation of NFT in these additional neurons. This spatial and temporal distribution that fits the clinical features of the dementia. sequence of events would promote the "horizontal" spread of NFT within the tightly interconnected compoThe premature development of NFT and A␤ deposits in the brains of ex-boxers provides further circumstantial nents of limbic-paralimbic cortices and would initiate the relatively slow "limbic" phase of disease progression support for the contention that a heightened state of neuroplasticity (in this case, injury-induced) can trigger (from the "Low Limbic" to the "High Limbic" stages in Figure 1) . the neuropathological changes of AD (Tokuda et al., 1991; Geddes et al., 1996) . This is perhaps why head The loss of dendrites and synapses belonging to limbic-paralimbic neurons would eventually increase the injury and stroke have both been implicated as risk factors for AD (Salib and Hillier, 1997; Snowdon et al., 1997). plasticity burden of the association cortices with which they are reciprocally interconnected. These association However, such relationships are probably relevant only when the injury is widespread and chronic, and when it areas would need to accelerate dendritic remodeling (Mesulam, 1996) . Numerous experiments have shown that cholinergic neurotransmechanism helps to explain how the numerous genotypes of AD cause an identical clinical and neuropathomission plays an essential role in supporting reactive and experience-induced synaptic reorganization in the logical disease phenotype. Genetic mutations do not really cause AD; they simply accelerate the temporal cerebral cortex (Baskerville et al., 1997; Kilgard and Merzenich, 1998; Zhu and Waite, 1998). Furthermore, course of events that lead to plasticity failure and therefore lower the age at which the pathological process cortical cholinergic innervation also promotes the ␣ secretase pathway and therefore the release of the neurobegins to gather momentum. The advanced cognitive and mnemonic activities of the human brain impose trophic sAPP moieties (Nitsch et al., 1992) . The early loss of cholinergic innervation in AD could thus contribute to a very high plasticity burden. The combination of this property with a long life span may endow the human the acceleration of the pathological process by further jeopardizing the potential for neuroplasticity in the cerebrain with its unique susceptibility to AD. The first wave of AD therapy has aimed to reverse bral cortex, both directly and through changes in A␤PP metabolism.
the depletion of cortical cholinergic neurotransmission. Subsequent strategies may aim to inhibit tau polymerization and A␤ formation. For reasons that have been Conclusions described above, such interventions may not be entirely "Neuroplasticity" is a generic term referring to prosuccessful unless the underlying plasticity failure is also cesses of vital importance for the structural upkeep of addressed. The proposed role of plasticity suggests that the brain and for the functional adaptation of the organimportant insights related to the pathophysiology and ism to the environment. The evidence reviewed above prevention of AD may come from the fields of developleads to the hypothesis that the remote initiators of AD mental biology. One of the most important goals will be may be traced to factors that erect physiological barriers to understand the processes that influence plasticity in to the downstream manifestations of neuroplasticity, the adult human brain and to determine whether their and that the NFT and AP represent independent byvulnerability to aging and to the other AD-causing facproducts of initially compensatory but eventually excestors can be modified. sive and maladaptive plasticity-related cellular activity. The exceedingly complex events associated with neuroplasticity are influenced by multiple genetic and envi-
